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Introduction

40
Our climate is changing. The world is gradually warming up, and more extreme 
50
Our urban areas will be affected by climate change as well. Today, 54% of the 51 world's population lives in urban areas, a proportion that is expected to increase to fast that adaptation to climate change is required. In this case adaptation means 67 higher water storage capacity of excess water on the surface and water conservation 68 to cover dry periods and to reduce excessive groundwater level changes. The urban 69 design focus is shifting from direct discharge to storing and retaining water. 
79
It is a political decision to tell if and how often disruptive effects of extreme 80 rainfall are considered acceptable. The essence is that urban planning must take heed 81 of the increasing frequency of extreme weather (cloudbursts, drought, and heat 82 waves) and its consequences. Urban design must adapt to the changes in extreme 83 weather events. In this chapter climate-resilient urban design means taking initiatives 84 to encourage soft surfacing, greening, and creating space for water and buffers to 85 store it for dry spells.
86
In the Netherlands, insight in consequences of climate change has resulted in a This paragraph describes the different methods used in the research. After a discus-118 sion on the choice of an extreme rainfall event follows an explanation of the 119 calculations of cost and benefits of climate-proof retrofitting of urban areas. Finally, 120 the common neighborhood typologies that are typical and representative of the 121 Dutch infrastructure (e.g., the urban city block, post-war garden cities, and commu-122 nity neighborhoods) are given. It is important to remember that all the examples we 123 describe in this chapter are case studies, suggested by professionals working for 124 municipalities, where climate-proof retrofitting is planned or will be executed in the 125 near future.
126 Choosing an Extreme Rainfall Event 127 Currently, there is a lively debate in the Netherlands about a possible standard for an 128 "extreme rainfall event norm." With regard to retrofitting public space in built-up 129 areas, the researchers have the opinion that the extreme rainfall norm is less 130 consequential than the urgency to consider extreme events in the street design. In 131 the coming years, knowledge of extreme weather events will develop further and 132 therefore, urban design should maintain its adaptability. There will be plenty of 133 opportunities to implement adjustments by piggybacking on, for example, replace-134 ment of sewer systems, cables, pipelines, hard surfaces, and with the refurbishment 135 of public spaces. Adaptation to climate change is therefore a continuous process, 136 rather than a one-off operation. Nevertheless, in order to indicate effects of climate-137 resilient design variants and in order to be able to compare them, a reference value 138 (in mm) for the concept "extreme rainfall event" in the Netherlands has been chosen. 139 The reference value is not intended to set the norm for "extremity" as that is 140 considered a policy issue. Reference values for the concept "extreme rainfall 141 event" in other areas of the world will be different from the value for the 142 Netherlands.
143
An extreme rainfall event is defined by three aspects: duration, frequency of 144 occurrence, and amount of rainfall during the event.
145 Duration 146 The shorter the rainfall peak, the higher the rainfall intensity. Nevertheless, in a short 147 period, the amount of rainfall is less than during a longer period. For surface water 148 systems (e.g., canals), rainfall periods of several days are most critical. For 149 stormwater discharge in a city by sewer system and above ground, shorter rainfall 150 periods of some 15 min to several hours are most critical. Kluck et al. (2013) 
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Costs due to flooding were also expressed in cost per annum based on estimated 198 frequency and the magnitude of the disruption (amount of houses flooded and flood 199 depth).
Benefits
201 Climate-resilient refurbishment of public space has many benefits. This research 202 only takes into account those benefits, which can be quantified, such as reduced cost 203 for flood damage and a saving due to a reduction of water discharge to the 204 wastewater treatment system. Other benefits, which cannot easily be quantified, 205 such as reduced or delayed drainage to surface water, groundwater recharge, heat 206 stress reduction, and increased water availability for urban green, have not been 207 taken into account into the cost comparison. The reason for this is that the research 208 was set up in collaboration with professionals from municipalities and the whish was 209 to create a line of argument for climate proofing residential streets without doubtful 210 arguments. Those benefits can however be important. In Kluck et al. (2017b) the 211 benefits of greening public space on public comfort and health, water quality, 212 reduction of energy consumption, and increased biodiversity were studied and 213 (partly) quantified. We have limited ourselves to a rough description of the benefits 214 of greening because an exact description of the background factors and uncertainties 215 would not fit within the scope of this chapter.
Neighborhood Typologies
217 Street design in the Netherlands and other parts of Europe is often based on a 218 particular philosophy of its time. Ideas and technologies that were available at the 219 time of constructing are captured in the authentic details of these streets, such as the 220 size of the houses, gardens, public space for greens and playgrounds, the width of the 221 streets, and the architecture of the buildings.
222
Characteristic features that were found across the Netherlands were used to 223 distinguish neighborhood typologies. The set of neighborhood typologies that we 224 have applied is listed in Table 1 (based on Kleerekoper 2016 ). The neighborhood 225 typologies give direction to the approach to combat more extreme climate effects. 226 For instance, the abundance of public space in post-war neighborhoods can easily be 227 employed for climate adaptation, whereas in the dense urban housing blocks and 228 pre-war blocks, underground solutions are more important. The structure of garden 229 cities offers space for swales to absorb heavy rainfall locally. The opportunities for 230 climate-proof measures will be more or less the same for cities (around the world) in 231 streets of the same typology. Nevertheless, specific characteristics, such as the slope, 232 type of soil, and groundwater level, may affect local solutions.
233
Knowledge of the neighborhood typology, gradient (flat or sloping), type of soil, 234 and the groundwater level enables us to give a reliable projection of the possibilities 235 and effectivity of local climate adaptation. They apply to many of the streets and 236 neighborhoods across the Netherlands. In every country common typologies can be 237 determined to present climate adaptations that generally fit in. Throughout Europe, 238 typologies will vary strongly, especially from North to South due to difference in 239 climate. Northern countries tend to have more spacious streets to allow sunlight 240 entering the houses during winter. Jong and Voordt (2002) . 247 In the case studies the context is variable (different neighborhoods) and the object 248 (climate-resilient street) is determined. Each separate case study is, however, a 249 "design study" in itself, with one specific neighborhood and thus determined context 250 and variable climate adaptation solutions (variable objects). In Table 2 the different 251 types of research methods are presented.
252
An important selection criterion for the cases was the commonality of the 253 typology of the neighborhood. This ensures the cases are examples for many 254 municipalities. For each case we present a traditional design and three more 255 climate-resilient alternatives. Each variant is presented with a cost and benefit 256 balance.
257
The research described in this chapter includes ten cases, presented in Table 3 , all 258 with three climate-resilient variants. All case studies are based on planned or 259 completed refurbishment projects in public spaces where the sewer system needed 260 to be replaced or adapted. In each case the focus is on anticipated extreme rainfall. 261 The examples may include more than one street to represent the scale at which 262 projects, such as road construction and sewer replacement, are generally planned.
263
Cases include flat and sloping surfaces and differences in soil permeability and 264 groundwater levels. The Netherlands has a predominantly flat surface with some 265 sloping areas in the eastern and southern regions. The soil is predominantly sandy only two case studies of the elaborate research by design study are 272 presented: high-rise post-war garden city (flat) (case study 8) and the urban city 273 block (flat) (case study 2). The two examples provide a clear image of the approach 274 and climate-resilient variants applied in this research. A complete overview of all 275 cases is presented in Kluck et al. (2018) .
276
The methodology and examples presented in this chapter are based on real cases 277 in the Netherlands. These examples are designed for extreme rainfall intensities for 278 the Dutch situation, which are illustrative for Europe and other temperate climates. 279 In countries with a more humid climate the rainfall intensities could be much larger 280 which requires different dimensions and solutions. 289 High-Rise Post-war Garden City (Flat) 290 The flat post-war garden city with high-rise buildings is characterized by a relatively 291 large public (green) space between the buildings. The neighborhoods often have a 292 limited variation in type of housing stock, often with small and cheap houses. These 293 areas are mostly seen as disadvantaged neighborhoods where municipalities see the 294 need to upgrade the urban space, buildings, and green. More variety in housing stock 295 with especially larger, comfortable, and energy-efficient dwellings would increase 296 attractiveness. In addition, the organization around buildings needs to change from 297 one entrance and storage on the ground floor toward buildings with functions and 298 dwellings on the ground floor with many entrance points. This change increases 299 safety and liveliness outside. Green is an essential part of the structure of these 300 neighborhoods. Between building blocks there is alternately a green area or a 301 parking space, sometimes the two are combined. Although the amount of green is 302 abundant, it has a sole visual function with only a meadow. Here people do not 303 experience the green nor is it functional for water buffering or heat resilience. The surface water system in the post-war garden cities was designed to drain and 322 discharge water. However, the spacious layout and many green spaces offer an 323 opportunity to store, retain, and infiltrate water locally.
324 Case Study 325 The study location is on flat terrain and consists of an average permeable soil. The 326 street foundation (cunette) has good permeability, and there is a separate sewer 327 system (sanitary sewer and stormwater sewer). The study location is located on 328 flat terrain, which has the benefit of relatively easy water retention. With extreme 329 rainfall the water will not flow freely but it will be collected at the lowest points. This high-rise post-war garden city case in a flat area shows that water storage in a 339 public area is uncomplicated and ensures that retrofitting can be climate resilient at 340 the same price as traditional refurbishment. Public space provides sufficient storage 341 space for large quantities of water.
342
In the following variants, first the traditional way of retrofitting is presented, 343 followed by three climate-resilient variants. In Fig. 1 the variants are illustrated. 344 Variant 0: Traditional Refurbishment 345 The municipality raises the subsided public space to its original construction height. 346 The existing separate sewer system (sanitary sewer and stormwater sewer) and 347 paving are renewed. The sewer system can cope with heavy rainfall once per 1 or 348 2 years on average. There is some space for stormwater storage in the street, but it 349 has not been designed for that purpose. With extreme rainfall (40 mm or more in 350 1 h), stormwater can flood the buildings. The green area is situated at a higher level 351 than the road. 352 Variant 1: Retention in the Street 353 The municipality lowers the road level to 9 cm lower than the level of variant 0. The 354 pavements are then adjusted accordingly, providing storage space in the streets. 355 When a cloudburst exceeds 60 mm in 1 h, water will flood buildings. The existing 356 sewer system and paving are replaced. The sewer system can cope with a rainstorm 357 once per 1 or 2 years on average. The green area is situated at a higher level than 358 the road. Figure 2 shows the annual costs for each variant, including construction, mainte-376 nance, and flooding costs. The annual costs are based on estimates over a period of 377 100 years.
378
The annual costs for variant 1 (retention on the street) are approximately 3% lower 379 than the costs for traditional refurbishing. For variant 2 annual costs decrease approx-380 imately 6% when the existing meadow is equipped with infiltration in a swale. Variant 381 3 with infiltration through permeable pavement has higher annual costs. All three 382 variants have the advantage of the capacity to store stormwater in the ground when it is 383 permeable. Or, if the ground is poorly permeable, stormwater drainage will be delayed. 384 Drainage in the street foundation can also work for higher natural groundwater levels 385 as they delay stormwater drainage (Kluck et al. 2018 ). When variants with infiltration 386 (2 and 3) are disconnected from the stormwater system, they will delay discharge onto 387 the surface water and alleviate stress on the system. The possible benefits of this have 388 not been included in the cost and benefit analyses.
389 Climate
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Adaptation in High-Rise Post-war Garden Cities 390 Extreme rainfall events can result in a lot of water in the streets in these neighbor-391 hoods because the green space is not designed to contribute to infiltration, storage, 392 and drainage. Damage on buildings or dwellings will generally be minimal because 393 dwellings are situated above ground level. In some cases the storage rooms (ground 394 floor level) have been laid out half-deep; these are vulnerable to flooding with heavy 395 precipitation.
396
Not only the vulnerability of the neighborhood itself but also the passing of water 397 to other areas that may be (more) vulnerable is important. The green space in this 398 neighborhood can easily be used as part of the water system: green with water 399 infiltration and buffer zones. Here, water and heat resistance can come together, for 400 example, a combination of a water playground and a swale or a fruit orchard with 401 benches that may flood. Figure 3 shows an example of such a combination.
402
The current green is mostly sole grass meadow to keep maintenance costs low. 403 While with certain perennials or flower mixtures, management costs can be reduced 404 (Hop 2011) transforming the image into a diverse green area that varies per season. 405 The same goes for the planting of swales. For this purpose, specific plant mixtures 406 are available that can also support the operation of a swale (Blänsdorf 2015) . In 407 addition, perennials provide more cooling and more space and food for bees, 408 butterflies, and birds. The right choice of vegetation in a swale contributes to 409 perception, pollution removal, and long-term functioning (Boogaard et al. 2003 ).
410
The sensitivity to heat stress in flat post-war garden city neighborhoods is not 411 very large, because of the good ventilation due to the structure of the neighborhood 412 and the abundance of green space. However, the temperature can rise considerably 413 on the large parking spaces and on the grassy areas with few trees. Especially on 414 windless days, there are insufficient places in these neighborhoods that provide 415 cooling.
416
An important aspect of heat stress in these neighborhoods is the dwellings where 417 sun protection is lacking and indoor spaces become extremely hot during a heat 418 wave. An important step toward heat resistance here is the adaptation of the housing. 419 Outdoor sun protection is the best way to prevent heating indoors. Cool roofs by 420 reflective roofing, green roofs, solar panels, or water-storing roofs mean a big 421 difference for the top floor. Facade greening on the east, south, and west facades 422 contribute to both the indoor and outdoor climate. From a green-blue layout of the 423 ground floor, the first four residential floors benefit most.
424
The large green areas in these neighborhoods can increase in value when they 425 offer multiple functions. In addition, more functions in green contribute to heat 426 resistance. For example, design the green space as an outdoor space with shady and 427 sunny places. Other functions of the large green areas between the building blocks 428 can serve the entire neighborhood: a water purification park with reed plants, a 429 petting zoo, urban agriculture with a neighborhood restaurant, or a sloping lawn 430 where in the summer there are picnic tables and barbecues that can (partly) flood 431 under heavy precipitation. The green areas can be better connected with activity 432 routes, for example, a bicycle and skate route that connects to a route outside the 433 neighborhood, or walking paths for the daily 30-min exercise. 434 Conclusions 435 In the flat high-rise post-war garden city neighborhood typology, streets can be made 436 climate resilient at no extra costs by lowering the surface level of the street or 437 transforming part of the green into a swale. To achieve this, it is important to 438 piggyback on planned operations, such as replacing the sewer system and periodical 439 redesign operations.
440
The climate-resilient designs cause less inconvenience and flood damage and can 441 increase the attractiveness of the neighborhood with more functions in green spaces.
442 Urban City Block (Flat) 443 The traditional building blocks of the Dutch cities have a relatively high density and 444 a very high percentage of paved surface. On the other hand, the spaces within the 445 building block are often very green with large mature trees. The green inside these 446 building blocks is under pressure due to the trend of tiled terraces, extension of 447 indoor space, and parking spaces. In addition to the green inside building blocks, 448 historic part of cities include monumental canals, avenues, and parks with large 449 trees. Urban city blocks are characterized by multilevel stories and an organic street 464 pattern. The paved streets leave little space for public green, although there are a few 465 large trees. The closed building blocks prevent water discharge via the back gardens. 466 Solutions to this problem are left to private initiative. 467 Case Study 468 The study location is on flat terrain and consists of poorly permeable soil. The street 469 foundation (cunette) has good permeability, and there is a separate sewer system 470 (sanitary sewer and stormwater sewer). Flat terrain has the benefit of relatively easy 471 water retention. With extreme rainfall, the water will not flow freely, but it will be 472 collected at the lowest points. In the following variants, first the traditional way of retrofitting is presented, 482 followed by three climate-resilient variants (Fig. 4) . 483 Traditional Refurbishment 484 With a traditional refurbishment, we expect flooding of houses and buildings at 485 rainfall intensity rates of approximately 40 mm in 1 h. This image illustrates the 486 traditional refurbishment. 487 Variant 0: Traditional Refurbishment 488 The municipality raises the level of the public space to its original construction 489 height to correct for the soil subsidence. The existing separate sewer system (sanitary 490 sewer and stormwater sewer) and the pavement are renewed. The sewer system can 491 cope with heavy rainfall once per 1 or 2 years on average. The street is not 492 specifically designed to retain water, but it can hold a small amount. Water buildings 493 with AU8 extreme rainfall of 40 mm or more in 1 h. 494 Variant 1: Retention in the Street 495 The municipality rebuilds the road level 10 cm lower than the level of variant 496 0. Therefore, in case of soil subsidence, the costs for raising the street are lower. 497 The pavement is adjusted accordingly and slopes toward the street. Consequently, it 498 provides water storage space in the streets. A cloudburst of more than 60 mm in 1 h 499 may cause water to enter the buildings. The existing sewer system and paving are 500 replaced. The sewer system can cope with rainfall once 1-2 years on average. In this case, there will be no separate stormwater sewer system. Instead, infiltration 503 gutters are added to the road paving, allowing stormwater to flow into the street 504 foundation. These infiltration gutters have a capacity of up to 20 mm of rainfall in 505 1 h. The municipality builds the road 10 cm lower than in variant 0. Therefore, in 506 case of soil subsidence, the costs for raising the street are lower. The pavement is 507 adjusted accordingly and slopes toward the street. The lower street level creates 508 space for heavy rainfall to be stored in the street. Water will enter the houses only 509 with a cloudburst causing more rainfall than 60 mm in 1 h. There is no stormwater sewage system. Instead, the road has permeable paving that 513 can cope with 20 mm of rainfall in 1 h. The municipality builds the road 10 cm lower 514 than in variant 0. Therefore, in case of soil subsidence, the costs for raising the street 515 are lower. The pavement is adjusted accordingly and slopes toward the street. The 516 lower street level creates space for heavy rainfall to be stored in the street. Water will 517 enter the houses only with a cloudburst causing more rainfall than 60 mm in 1 h.
518 Cost-Benefits of Rainwater 519 Figure 5 shows the annual costs for each variant, including construction, mainte-520 nance, and flooding costs. The annual costs are based on estimates over a period of 521 100 years. The annual costs for variant 1 (retention in the street) are approximately 9% lower 523 than the costs for traditional refurbishing. Variants with infiltration are more expen-524 sive. However, the advantage is that these variants have a capacity to store 525 stormwater in the ground when it is permeable. Or, if the ground is poorly perme-526 able, stormwater drainage will be delayed. Drainage in the street foundation can also 527 work for higher natural groundwater levels as they delay stormwater drainage (see 528 Kluck et al. 2017 
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[in Dutch]). When variants with infiltration (2 and 3) are discon-529 nected from the stormwater system, they will delay discharge onto the surface water 530 and alleviate stress on the system. The possible benefits of this have not been taken 531 into account (Kluck et al. 2018 ).
532
As a consequence of infiltrating or storing rainwater, the groundwater level might 533 be influenced. Attention is needed for the resistance of the existing foundations and 534 trees. Building foundations made of wooden piles are sensitive to degradation. In 535 this regard it is important to prevent low groundwater levels to avoid water pressure 536 differences in the piles (Klaassen 2008) . For trees the resistance to high groundwater 537 levels due to infiltration or water storage varies per specie. The drainage system can 538 be adjusted according to the species resistance. The same approach can be used to 539 preserve archaeological remains (Boogaard et al. 2016 ).
540 Climate Adaptation in Urban City Blocks 541 The structure and organization of historic city centers cause a lot of heat storage in 542 stony materials, and there is little cooling from green and little ventilation. This leads 543 to high temperatures in streets and on squares.
544
In this type of neighborhoods, the vulnerability to extreme rainfall events is 545 highly dependent on the presence, location, and size of surface water such as canals. 546 There is a lot of paved surface, which means that there is also a lot of run-off 547 rainwater. If sufficient surface water is present within a reasonable distance from the 548 drained paved surface and this run-off water is properly guided, then there will be 549 few problems with extreme rainfall. However, if there are no large water elements 550 present, problems can arise quickly. Because of the large percentage of pavement in relation to green and water, inner 561 cities are sensitive to heat stress. The extent to which streets warm up or retain heat 562 depends on the aspect ratio (height and width) and orientation of the streets and 563 buildings. Due to the heavy pressure on public space in city centers, measures that 564 occupy public space are not easy to realize in these neighborhoods. It is desirable to 565 search for solutions that use surface that is not fully utilized or that can fulfill a dual 566 function. It is logical to start combining measures that contribute to water storage and 567 limit heat stress, for example, with the design of a "tiny park," which creates a cool 568 spot where water is also infiltrated. Another example is a green roof on an historic 569 building. A substrate layer of 8 cm thickness holds 40 mm or 40 l of water per m 2 .
570 Here the vegetation on the roof ensures cooling by evaporation.
571
In fact, trees and plants always fulfill multiple functions and therefore offer 572 several advantages, such as a positive effect on air quality, health and well-being, 573 habitat for flora and fauna, higher real estate values, and so on. Green can often be 574 combined with facilities in the public space, such as shelters, bicycle racks, seating 575 areas, or lighting.
576 Conclusions 577 In the flat urban city block typology, residential streets can be made climate resilient 578 at no extra cost by lowering the surface level. To achieve this, it is important to 579 piggyback on planned operations, such as replacing the sewer system and periodical 580 redesign operations. The climate-resilient designs cause less inconvenience and 581 flood damage and can be combined with more green in the street.
More Examples of Case Studies in Flat Areas
583 In addition to the two case studies described above, four more variants for residential 584 neighborhood typologies in flat areas have been developed and compared. They Figure 6 shows that also in those case studies, a climate-resilient design can be 592 achieved at no extra cost by lowering the surface level.
593 Green Benefits 594 More green in the city contributes to the reduction of heat stress and the prevention 595 of drought. According to Kluck et al. (2017b) , the benefits to health, comfort, 596 economic value, and energy use are many times higher than the annual costs of 597 refurbishing the entire street. Moreover, the benefits are considerably higher than the 598 additional cost (investment, management, and maintenance) of the green areas. 599 Besides green benefits, additional green areas provide opportunities for stormwater 600 drainage.
The definition of more climate-proof variants for the sloping areas appeared more 609 complicated than for the flat areas. The slope makes it on the one hand harder to 610 retain water on the slope itself than it is in flat terrain. On the other hand, it makes it 611 easier to discharge the water. If there are no flood risks downstream of the case study 654 Combining the climate proofing with the moment of retrofitting, refurbishment or 655 reconstruction is important to save on investment cost.
656
The ten case studies show that climate-resilient retrofitting can be quite easy and 657 is not necessarily more costly than traditional retrofitting. This appeared true for the 658 flat residential areas in which lowering the street level is a particularly easy and 659 cheap solution with roughly the same maintenance and management costs, while at 660 the same time flood damage costs are reduced significantly. The variants without 661 stormwater system appear not much more expensive than the traditional variant. The 662 extra costs for the stormwater system appear about equal to the savings on flood 663 damage.
664
For residential streets in sloping areas the situation is more complicated. On the 665 one hand, it is harder to retain water on the slope itself than it is in flat terrain. On the 666 other hand, it is easier to discharge the water. The flood risk in sloping areas should 667 be carefully considered as it varies significantly from one situation to another and Fig. 7 Cost and benefits of four cases with a sloping surface (Kluck et al. 2018) 
